Abstract Research on the effect of cardiorespiratory (CR) exercise on upper extremity (UE) limb volume is limited in women with breast cancer-related lymphedema (BCRL). The aim of this study was to compare changes in UE volume immediately following a symptom-limited CR treadmill test in women with and without BCRL. As part of a cross-sectional study, 133 women post unilateral BC treatment completed symptom-limited treadmill testing. Bioimpedance spectroscopy (BIS) was used to measure UE resistance before and immediately following treadmill testing. Resistance ratios [1 (unaffected side/affected side) indicate greater volume in the affected limb. T-tests and repeated measures ANOVA were performed to evaluate differences between and within groups. Mean age was 56.2 years (SD 9.4); BMI was 26.13 kg m -2 (SD 5.04). For women with previously diagnosed BCRL (n = 63), the resistance ratio was 1.116 (SD 0.160) pre-treadmill and 1.108 (SD 0.155) post-treadmill. For women without BCRL (n = 70), the resistance ratio was 0.990 (SD 0.041) pre-treadmill and 1.001 (SD 0.044) post-treadmill. Resistance ratios for women with BCRL were higher than those for women without BCRL at both time points (main effect of group: p \ 0.001). No main effects were found for time (p = 0.695). A statistically significant effect was found for the time-by-group interaction (p = 0.002). 78 % of the women with BCRL wore a compression garment during testing. Following testing, the women with BCRL demonstrated a non-statistically significant decrease in the resistance ratio, suggesting an immediate decrease in interlimb volume difference. The women without BCRL demonstrated an increase in the resistance ratio.
Introduction
Breast cancer-related lymphedema (BCRL) is the accumulation of interstitial fluid in the breast or upper extremity (UE) as a result of damage to lymph nodes and vessels during breast cancer treatment. This chronic and potentially disabling condition affects more than one in five women treated for breast cancer [1] . Women with BCRL have greater limitations in UE function and self-reported quality of life, as well as lower cardiorespiratory (CR) fitness than women without lymphedema [2] [3] [4] [5] [6] .
Current recommendations for exercise following breast cancer treatment include gradually progressive resistance exercise and a minimum of 150 min of moderate-intensity or 75 min of vigorous-intensity CR exercise each week [7] . Following breast cancer treatment, women may wish to participate in vigorous CR activities to improve cardiorespiratory fitness. The benefits of exercise during and after cancer treatment in mitigating treatment sequelae [8, 9] and reducing risk of cancer recurrence [10] are well established. Recent evidence supports that gradually progressive UE resistance exercises improve UE strength and function, and are safe for women following breast cancer treatment, including those women with stable UE lymphedema [11, 12] . Moreover, UE resistance exercises may reduce the risk for BCRL in those women without visible evidence of UE swelling [13] [14] [15] [16] . Although the evidence is more limited, programs utilizing resistance plus moderate-intensity CR exercises appear safe for women with or at risk for BCRL [16] [17] [18] [19] . However, research on the effect of vigorous CR exercise alone (i.e., [80 % of maximal oxygen capacity, VO 2 peak) on UE volume in women with existing BCRL is scarce.
In a randomized controlled trial of women receiving adjuvant chemotherapy for breast cancer, Courneya et al. [20] compared supervised resistance exercise, supervised CR exercise, and usual care in which participants were asked not to begin an exercise program. Participants in the exercise interventions participated in three sessions per week during the period of adjuvant chemotherapy treatment (median duration was 17 weeks, 95 % CI: 9, 24). The CR training intervention consisted of progression from 60 % of maximal oxygen consumption over the first 6 weeks, to 70 % between weeks 7 and 12, to 80 % after week 12, with gradual increase from 15 min in duration to 45 min at week 18 for those still participating at that time. The resistance exercise intervention consisted of two sets of 8-12 repetitions of nine exercises (upper and lower body and trunk) at 60-70 % of their estimated one repetition maximum. Resistance was increased by 10 % when participants completed more than 12 repetitions. Limb volume was assessed with volumetry 1-2 weeks after initiation of chemotherapy (baseline), the midpoint of chemotherapy, and after the intervention (3-4 weeks after the conclusion of chemotherapy). Women were categorized as having lymphedema if they developed [200 ml interlimb volume difference. The percent of women who developed lymphedema after the intervention was 3.7 % in the resistance exercise group, 7.3 % in the control group, and 9.0 % in the CR exercise group. The proportional differences were not statistically significant (p = 0.381). However, analyses of the absolute changes in UE volume were not performed, thus the magnitude of change in each group is unknown.
During UE resistance exercises, increased skeletal muscle contraction is thought to improve the lymphatic pumping mechanics and enhance lymph flow in the exercising limb [21] . CR exercises that do not target UE musculature (i.e., walking, jogging, and cycling), therefore, may not provide this same beneficial effect, which could potentially result in excessive fluid accumulation in the UEs, especially for women with impaired UE lymph transport on the side of cancer treatment. The aim of this study, therefore, was to compare UE volume changes, assessed using bioimpedance spectroscopy, in women with BCRL to women without BCRL immediately following a symptom-limited treadmill test (VO 2 peak). We hypothesized that (1) UE volume would increase following treadmill testing, and (2) the affected limb (with lymphedema) would demonstrate the greatest increase in volume compared to the contralateral limb, and to the limbs of the women without lymphedema. Following breast cancer treatment, women demonstrate reduced CR capacity (VO 2 peak) when compared to healthy age-matched norms; women with BCRL have lower CR capacity than the women without BCRL [6] . Since CR fitness has been linked to health outcomes in healthy adults it is essential that health care providers encourage CR exercise with their patients following breast cancer treatment. The results of this study will provide guidance for future randomized clinical trials of vigorous CR exercise training interventions in women post cancer treatment, particularly for women with lymphedema.
Methods

Participants and setting
This was a sub-study of a cross-sectional study that evaluated the impact of BCRL on UE function and overall function [2, 6] . Women were categorized as having or not having BCRL, based on previous diagnosis by a healthcare provider. Women were recruited from the National Lymphedema Network website, San Francisco Bay area hospitals, San Francisco Bay area breast cancer or lymphedema support groups, and breast cancer conferences. Participants were C18 years of age, had unilateral breast cancer surgery at least 6 months prior to study enrollment, and were be able to read, speak, and understand English. Participants were excluded if they had current recurrence of breast cancer, current UE infection, lymphangitis, or pre-existing lymphedema. Women were also excluded if they had any absolute contraindications to exercise testing as established by the American College of Cardiology/American Heart Association or the American College of Sports Medicine [22] . All participants attended a single session. Written informed consent was obtained for all participants. This study was approved by the University of California San Francisco (UCSF) Committee on Human
Research and conducted at the UCSF CTSI Clinical Research Center. Women completed a demographic and health status questionnaire.
Cardiorespiratory fitness
Cardiorespiratory fitness was evaluated using symptomlimited treadmill testing. A branching treadmill protocol was used. The participant began walking on the treadmill at a speed determined to be comfortable to them [22] . Exercise intensity was then adjusted by grade (elevation) every 2 min to achieve approximately a 1-2 metabolic equivalent (MET) increment between stages (3.5 ml oxygen per kg body weight per minute-estimated resting oxygen consumption). Exercise intensity was increased until the subject was unable to continue (volitional fatigue) or until there was indication to discontinue the test (i.e., electrocardiographic changes and inappropriate blood pressure response) [22] . A 12-lead electrocardiogram was monitored continuously throughout the test and blood pressure was auscultated at every stage. Ratings of perceived exertion (RPE) were evaluated at the end of each stage (every 2 min) [23] . Oxygen consumption (VO 2 ) was determined using an open circuit spirometry system (Quinton metabolic cart, Bothell, WA), which was calibrated against known gases before each test. Respiratory gases were analyzed for volume and fractions of oxygen and carbon dioxide, and VO 2 was calculated. Peak VO 2 is expressed in terms relative to body weight (milliliters of oxygen per kilogram of body weight per minute). Maximal oxygen consumption (VO 2 peak) was defined as the highest level of oxygen consumption achieved during the test and was expressed in ml oxygen per kg body weight per minute (ml kg -1 min -1 ). Hemodynamic responses to testing were evaluated at peak exercise levels (i.e., maximal heart rate, maximal blood pressure, and maximal RPE).
Use of compression garment
Consistent with current lymphedema management guidelines [24] , women with lymphedema were advised to wear their compression sleeve during the CR treadmill test if that was their usual practice.
Upper extremity volume
Bioimpedance spectroscopy (BIS) was used to evaluate UE volume by assessing the flow of an alternating electrical current over a range of frequencies (4-5 kHz to 1,000 KHz) through body fluids. Resistance measured at low frequencies is a reflection of and inversely correlated to interstitial fluid volume, and can be used as a marker for lymphedema [25] . Resistance ratios are calculated as the resistance of the healthy (unaffected) limb relative to that of the at risk (affected) limb. Higher resistance ratios represent greater volume of the affected limb, relative to the unaffected limb. The Impedimed measurement system (SBF7, Garden City, Australia) was used as described by Cornish et al. [26] [27] [28] Electrodes were placed on the dorsum of the hands, wrists, feet, and ankles. The participants were instructed to consume no food or fluids within 1 h, to avoid vigorous exercise within 24 h and to avoid excessive alcohol intake for the 12 h, prior to the study visit. During testing, instructions were given to lie supine for 10 min with no pillows, arms at the sides, and lower extremities flat and slightly abducted. Testing was performed before and immediately following symptom-limited treadmill testing as described above, and two measurements were taken at each time point and averaged to obtain pre-and post-treadmill measurements. Circumferential assessment of the upper extremities was also conducted prior to treadmill testing, using a flexible, non-stretch tape measure, beginning at the ulnar styloid, designated as 0 cm, and at 10 cm intervals proximally to 40 cm. Volume (reported in milliliters) was calculated using the formula for the volume of a truncated cone,
where h is the length of each measured segment and C is the circumference at each end of that segment.
Statistical analysis
Sample size of 120 was calculated a priori, using an alpha of 0.05 and power of 0.80 for the parent BCRL study, based on correlation coefficient of 0.25 for regression analysis. For participant demographic characteristics, means and standard deviations for normally distributed interval data were obtained. Frequencies were determined for nominal and categorical variables. For normally distributed data, paired t tests were performed to evaluate differences in volume before and after treadmill testing. Independent t tests were used to compare outcomes between groups. Analysis of variance (ANOVA) was also performed to evaluate for main effects of time and group and time-by-group interaction. Statistical significance was set at p \ 0.05. Statistical analyses were performed using SPSS statistical software (version 18, SPSS Inc, Chicago, IL).
Results
One hundred and thirty-three women completed CR fitness testing. 89 % were white and 60 % were working (Table 1) . Sixty-three women had been previously diagnosed with lymphedema. None of the women without a prior diagnosis lymphedema demonstrated a greater than 200 ml difference between the affected and unaffected limbs (Fig. 1 ). There was a statistically significant difference in the amount of time since breast cancer diagnosis between the women with lymphedema (7.5 years) and without lymphedema (4.92 years) (-2.62 years, 95 % CI, -4.38, -0.85).
Resistance values and resistance ratios for both UEs from pre-to post-treadmill were compared, as were between group differences in resistance ratio change scores, VO 2 peak, and RPE (Table 2a and b) . Reductions in resistance values were seen in both groups in the affected and unaffected limbs (p \ 0.05). Resistance ratios for the women with BCRL were statistically significantly higher than those for the women without BCRL at both time points (p \ 0.001). For the women with previously diagnosed BCRL (n = 63), resistance ratio pre-treadmill was 1.116 (SD 0.160) and post-treadmill was 1.108 (SD 0.155). This represented a non-statistically significant decrease in the BIS resistance ratio from pre-to post-treadmill There was a statistically significant group-by-time interaction (p = 0.002). Differences in the change in resistance ratios from preto post-treadmill testing between women with BCRL who did (n = 49) and did not use compression sleeves (n = 12) were not statistically significantly (difference in resistance ratios = 0.026, 95 % CI: -0.0004, 0.051).
Discussion
Our aim was to evaluate and compare changes in UE volume, assessed with bioimpedance spectroscopy, in women with and without BCRL before and immediately after a symptom-limited treadmill test. To our knowledge, this is the first study to do so. As expected, bilateral UE volume increased after the treadmill test in women with and without lymphedema. This was represented as a decrease in bioimpedance resistance values. This finding is consistent with the impact of generalized exercise-induced vasodilation in the UEs, and theoretically reflects increased fluid volume. It was not surprising that the smallest average increase in volume (reflecting the smallest average decrease in resistance) was seen in the unaffected limb of the women without lymphedema. Contrary to our expectations, however, the greatest average increase in volume (reflected by decreased resistance) was seen in the unaffected limb in the women with lymphedema. We hypothesized that the largest increase would be seen in the affected limb in the women with lymphedema. The change in resistance (pre-post-treadmill test) in the affected limbs was similar in both groups. This may be explained in part by the fact that most of the women with lymphedema wore a compression sleeve during the treadmill test (78 %). External support of the limb through compression acts to reduce swelling in lymphedema by limiting blood capillary filtration by elevating interstitial pressure, opposing tissue expansion, and improving the efficiency of the muscle pump in the limb [29] . Our findings suggest a possible benefit from UE compression during the treadmill testing for women with lymphedema; however, because this study evaluated only the immediate change in resistance and after a single symptom-limited treadmill test, the results cannot be generalized to those women with lymphedema participating in ongoing aerobic exercise. Additional studies are needed to formally test and confirm this finding.
Our results support the work of others who found that active exercise while wearing a compression garment reduced affected limb volume in women with unilateral BCRL. Jonsson and Johansson reported results of assessment of a pole-walking regimen in women with BCRL [30, 31] . In their earlier study [30] , there was no significant difference in affected limb volume immediately after pole walking or 24 h later compared to baseline. The women standard deviation, RPE rating of perceived exertion, CI confidence interval, VO 2 peak peak oxygen uptake, expressed in ml oxygen per kg body weight per minutes with lymphedema wore a compression sleeve on the affected UE during the activity. Similar to our study, there was a statistically significant increase in unaffected limb volume immediately after pole walking. In their 2014 study [31] , 23 women with unilateral lymphedema participated in an 8 week pole-walking program at 70-80 % of their maximum heart rate. There was a statistically significant reduction in affected limb volume.
A resistance ratio of 1 represents no difference in extracellular fluid volume. As the volume of the affected limb increases, the resistance ratio increases, since the numerator becomes smaller in the resistance ratio calculation. In our study, not surprisingly, women with BCRL had higher average resistance ratios than the women without BCRL both before and after treadmill testing. This is consistent with expectations that the women with BCRL would have greater volume in their affected limb relative to their unaffected limb. In the women without lymphedema, there was a small but statistically significant increase in the average resistance ratio after testing. In contrast, the women with BCRL demonstrated a small and non-significant decrease in resistance ratios. The minimal clinically important difference in bioimpedance resistance values and resistance ratios has not been established, and while the difference in the resistance ratio change scores between groups was small (0.02), it was statistically significant. That we used a continuous measure of volume (bioimpedance resistance and resistance ratios) is a strength of our study. This allowed for greater precision in our estimates of the differences within and between groups.
Limitations
There were important limitations to this study that merit discussion. First, the lymphedema group was determined by prior diagnosis of lymphedema by a health care provider. We were therefore unable to determine the accuracy of that diagnoses. However, between group comparisons of volume differences between those diagnosed with lymphedema and those without support this categorization (Fig. 1) . While no women without past diagnosis of lymphedema demonstrated a 200 ml or more difference between limbs, a number of women who had been diagnosed with lymphedema demonstrated volume differences below the 200 ml difference threshold often used to categorize women as having lymphedema [32] . This may be explained, in part, by the fact that many of these women had received education, compression garments, and/or complex decongestive therapy since developing lymphedema.
Duration and degree of lymphedema may influence response to increased lymphatic load. We were not able to report on duration of lymphedema, since date of onset was not systematically recorded. Many women were unable to recall the date of initial lymphedema diagnosis or initiation of lymphedema treatment. Pearson's correlation coefficient was calculated to address the potential association between degree of interlimb volume differences (severity of lymphedema) at baseline, and the changes in resistance ratios following the treadmill test. The correlation was low (-0.0183) and not statistically significant (-0.835).
Most of the women with lymphedema (78 %) wore a compression sleeve during the treadmill test. Differences between those who did and did not wear a sleeve were not statistically significantly different, but this study was not powered for this subgroup analysis. Changes in limb volume in the women with lymphedema were likely influenced by the use of compression garments, and this needs to be considered when comparing volume changes between the women with lymphedema to those without lymphedema, none of whom wore compression garments. We did not attempt to control for the use of compression garments in our analysis. Therefore, those results should be interpreted with caution and clinically meaningful conclusions regarding use of compression garments should not be drawn from those data.
Finally, and importantly, this study examined only the immediate effects of one symptom-limited treadmill test on arm volume in women at risk for or with lymphedema. Therefore, the results cannot be generalized to the cumulative effects of vigorous CR exercise training on UE volume in women with BCRL. The symptom-limited treadmill test is not sustained vigorous activity since grading results in only the last 2-3 min being vigorous (C80 % VO 2 peak). A single bout of sustained vigorous exercise would be a continuous CR exercise session, C20 min at C80 % VO 2 peak. Thus, further investigation is needed to substantiate the preliminary findings of this study before recommendations can be made to women regarding the safety of and parameters for sustained vigorous aerobic exercise and its effect on limb volume changes.
Future studies should examine the effects of sustained vigorous CR exercise training on limb volume, utilizing a protocol that includes at least 20 min of vigorous aerobic exercise per session, at least three times per week, over 12 weeks. This protocol is similar to that described by Courneya et al. [20] . Additionally, attention should be paid to the role of compression garments in mitigating volume increases, and continuous measures of volume should be used for greater precision.
Conclusion
Women with BCRL demonstrated lower BIS resistance in their affected limbs, and higher resistance ratios compared to the women without BCRL, both before and after a symptom-limited treadmill test. Women with BCRL also demonstrated a non-statistically significant decrease in the BIS resistance ratio from pre-to post-treadmill, while those without BCRL had a statistically significant increase in the BIS resistance ratio from pre-to post-treadmill.
Cardiorespiratory fitness has been linked to health outcomes in healthy adults; therefore it is essential that health care providers encourage CR exercise with their patients following breast cancer treatment. It is equally important to monitor physical activity with particular attention to women with or at risk for lymphedema. Evidence-based guidelines are needed for exercise prescription and compression garment utilization in women with BCRL, who wish to participate in vigorous CR activities. This study forms the foundation for such investigations by providing evidence that this activity did not appear to be immediately detrimental to UE volume in women with BCRL, and may be beneficial in reducing the volume of the affected limb.
